NCB5OR is a highly conserved NAD(P)H reductase that contains a cytochrome b5-like domain at the N terminus and a cytochrome b5 reductase-like domain at the C terminus. The enzyme is located in the endoplasmic reticulum (ER) and is widely expressed in organs and tissues. Targeted inactivation of this gene in mice has no impact on embryonic or fetal viability. At 4 weeks of age, Ncb5or؊͞؊ mice have normal blood glucose levels but impaired glucose tolerance. Isolated Ncb5or؊͞؊ islets have markedly impaired glucose-or arginine-stimulated insulin secretion. By 7 weeks of age, these mice develop severe hyperglycemia with markedly decreased serum insulin levels and nearly normal insulin tolerance. As the animals age, there is a progressive loss of beta cells in pancreatic islets, but there is no loss of alpha, delta, or PP cells. Electron microscopy reveals degranulation of beta cells and hypertrophic and hyperplastic mitochondria, some of which contain electron dense inclusions. Four-week-old Ncb5or؊͞؊ mice have enhanced sensitivity to the diabetogenic agent streptozotocin. NCB5OR appears to play a critical role in protecting pancreatic beta cells against oxidant stress.
I
mpaired insulin production and secretion is central to the pathogenesis of diabetes mellitus. In type 1 diabetes, affected individuals experience autoimmune destruction of beta cells within pancreatic islets that leads to a marked reduction in insulin production. In type 2, the more prevalent form of diabetes, patients have insulin resistance in skeletal muscle, fat, and liver, and develop a relative impairment of insulin production in beta cells. Both disorders are polygenic. Genome-wide scans have uncovered multiple loci in humans and mice that impact susceptibility to both type 1 (1-3) and type 2 (4, 5) diabetes. However, only a few of these contributory genes have been identified. Although monogenic causes of diabetes are much less common, they offer unique insights into genes that are important in insulin production and glucose homeostasis. Maturity onset diabetes in the young (MODY) is an autosomal dominant disorder caused by mutations either in glucokinase, which significantly contributes to the sensing of glucose within beta cells (6) , or in several transcription factors known to play critical roles in beta cell function (7, 8) . Other single gene defects that cause human diabetes include mutations in mitochondrial genes (9) (10) (11) as well as genes encoding insulin and insulin receptor (4) .
Monogenic mouse models of diabetes have provided additional independent information on genes that regulate insulin production. The vital contribution of the endoplasmic reticulum (ER) to beta cell viability and function is demonstrated by two informative mutations. PERK, a kinase located in the ER, contributes to the ability of that organelle to adapt to the accumulation of unfolded proteins (12, 13) . PerkϪ͞Ϫ mice develop insulin-deficient diabetes because of impairment of the beta cell's response to ER stress (14, 15) . The Akita mouse is a naturally occurring maturity onset diabetes in the young (MODY) model in which a C96Y mutation in insulin 2 causes heterozygous mice to have diabetes (16) . The ER in the beta cells of Akita mice are dysfunctional because of accumulation of proinsulin that cannot fold properly due to its inability to form one of its critical disulfide bonds. In this report, we describe the diabetic phenotype of mice having targeted inactivation of Ncb5or, which encodes a highly conserved, ubiquitously expressed and soluble flavoheme NAD(P)H reductase (17) that is localized in the ER (18) .
Materials and Methods
Generation of Ncb5or Knockout Mice. The mouse Ncb5or genomic DNA fragments were cloned by screening the 129Sv genomic library built in bacterial artificial chromosome vectors (Research Genetics, Huntsville, AL). A targeting vector was constructed by replacing the DNA region, from 3Ј end of intron 3 to the 5Ј end of intron 4, including the entire exon 4, with a Pgk-Hyg expression cassette. The genomic DNA in this vector included a 5.6-kb 5Ј flank and a 3.2-kb 3Ј flank. After being linearized, the targeting vector was electroporated into 129SvS4Jae embryonic stem (ES) cells. After hygromycin selection, heterozygous Ncb5or knockout ES clones were identified by Southern blot hybridization. Four targeted clones were injected into blastocysts obtained from BALB͞cAnN mice (Taconic Farms). The chimeric embryos were then implanted into the uteri of pseudopregnant mice, and the pups, upon maturation, were bred with BALB͞ cAnN mice. Germ-line transmission of the offspring was analyzed by Southern blot hybridization as well as by PCR. Gendermatched Ncb5or ϩ͞ϩ and Ϫ͞Ϫ littermates from breedings of the F 2 Ncb5or ϩ͞Ϫ mice were used in all of the experiments.
The animal experimentation protocol pertaining to this work was approved by Harvard Medical Area Standing Committee on Animals. Mice were handled in accordance with the guidelines issued by the National Institutes of Health. The animals used in this study were housed in a pathogen-free facility on a 12-h light͞dark cycle with ad libitum access to food and water.
was loaded onto 8% and 10% SDS polyacrylamide gel. SeeBlue Plus2 (Invitrogen) was used as the protein standard. Western blot analysis was performed by using rabbit polyclonal antibody against full-length mouse NCB5OR diluted 1͞1,000 (Genemed Synthesis) as the primary antibody, and anti-rabbit IgG diluted 1͞1,500 (Cell Signaling) was used as the secondary antibody. Bands were visualized with enhanced chemiluminescence system (Pierce).
Blood Glucose, Serum Insulin, Glucose and Insulin Tolerance Tests, and Streptozotocin (STZ) Sensitivity Experiments. Blood samples from fed animals were collected between 8 a.m. to noon. For glucose tolerance tests, mice were fasted overnight for 14 h followed by i.p. injection of glucose (2 mg͞g body weight, except for the mice in STZ sensitivity experiment, which received 1 mg͞g body weight). Blood samples were obtained from tail veins at 0, 15, 30, 60, 90, and 120 min after injection, and the glucose levels were assessed by using a glucometer (One Touch, Lifescan). For insulin tolerance tests, mice were fasted for 6 h followed by i.p. injection of recombinant human insulin (1 unit͞kg body weight, Eli Lily). Serum insulin concentrations were assayed by using a mouse insulin ELISA kit (Crystal Chem) and a mouse insulin standard.
Four-week-old female Ncb5or ϩ͞ϩ and Ϫ͞Ϫ mice were i.p. injected with STZ (Sigma, 10 mg͞kg body weight per day) for 4 days, followed by an injection of 50 mg͞kg body weight, before measurement of blood glucose levels at the fed state for 5 days. Four-week-old male Ncb5or ϩ͞ϩ and Ϫ͞Ϫ mice were challenged by i.p. injection of STZ (10 mg͞kg body weight per day) for 4 days before subjecting them to a glucose tolerance test. Sodium citrate buffer (0.1 M, pH 4.6) was used to inject the mice of the same age and gender in the control groups.
Immunohistochemistry. Mice were killed by CO 2 asphyxiation, and the pancreata were fixed in 4% neutrally buffered paraformaldehyde at room temperature overnight and embedded in paraffin. Insulin and glucagon were detected on the 5-m pancreatic sections by guinea pig anti-human insulin diluted 1͞100 (Linco) and rabbit anti-glucagon diluted 1͞3,000 (a kind gift from Susan Bonner-Weir), respectively, followed by incubation with peroxidase-conjugated AffiniPure goat anti-rabbit Ig (HϩL) diluted 1͞1,000 (Jackson ImmunoResearch). 3,3-diaminobenzidine tetrahydrochloride (DAB) was applied to the sections as the substrate for peroxidase. The sections were counterstained by hematoxylin.
Transmission Electron Microscopy. After vascular perfusion of the whole mouse via intracardiac puncture with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4), the pancreata were stored in dilute fixative. They were sliced (0.5 mm thick), placed in aqueous 1% osmium tetroxide and 1.5% potassium ferrocyanide for 1 h at room temperature, and washed with water and 0.5 M maleate buffer (pH 5.2). The tissues were then treated with 1% uranyl acetate in maleate buffer and washed in water. After dehydration with graded cold ethanol, the sections were embedded in Epon or Epon Araldite. Thin sections were placed on bare grids and stained in saturated uranyl acetate diluted with equal parts of acetone. After lead citrate staining, the sections were examined and photographed with a JEOL 1200 EX electron microscope.
Studies on Isolated Islets. To isolate islets, the hepatopancreatic ampulla was clamped and Liberase RI (Roche Diagnostics) was injected through the common bile duct into the pancreatic duct to perfuse the pancreas. After digestion at 37°C for 25 min, washing, and centrifugation on a discontinuous Ficoll gradient (11, 21, 23 , and 25%), pancreatic islets were harvested from the 11-21% interface. Islets were cultured for 20-24 h in RPMI medium 1640 (BioWhittaker) with 5.5 mM glucose, 7.5% FBS (GIBCO͞BRL), and 1% penicillin-streptomycin (GIBCO͞ BRL). For insulin secretion experiments, three islets were transferred to individual Eppendorf tubes containing DMEM (ICN Biochemicals) with 5.5 mM glucose, 25 mM glucose, or 20 mM L-arginine͞25 mM glucose and 0.1% gelatin (Difco) and incubated at 37°C for 1 h. Insulin concentrations in the supernatants were determined by ELISA assays. For evaluation of the total insulin content, 15 islets were transferred to each tube containing DMEM with 5.5 mM glucose at 37°C for 1 h. Islets were pelleted, homogenized, and sonicated, and the supernatants were assayed for insulin.
Results
Generation of Ncb5or Knockout Mice. In the targeting vector, the genomic region encoding the exon 4 of Ncb5or gene was replaced by a hygromycin resistance cassette (Fig. 1a) . This exon contains the heme-binding domain of NCB5OR, which has been shown to be crucial for both its enzyme stability and biochemical properties (19) . Approximately 25% of the offspring of Ncb5or ϩ͞Ϫ parents were null (Ϫ͞Ϫ) homozygotes. Thus, absence of the Ncb5or gene had no detectable impact on embryonic or fetal viability.
The homozygous knockout mice do not express full-length Ncb5or mRNA (Fig. 1e ) and NCB5OR protein (Fig. 1c) in any of the tissues tested. A minute amount of mRNA was detected in these homozygotes (Fig. 1e ). This mRNA species was derived from the knockout allele and lacked the entire exon 4 (Fig. 1e) . If translated, it would encode a short polypeptide of 123 amino acid residues unlikely to fold into a stable functional protein due to the lack of NCB5OR sequence downstream of exon 3. Western blots of knockout tissues were probed with polyclonal antibodies against NCB5OR holoprotein or the N-terminal 15 residues, and no such species were detected (data not shown).
The phenotype of Ncb5or Ϫ͞Ϫ animals was studied in three genetic backgrounds: C57BL͞6;129, BALB͞cAnN;129, and pure 129. All of the results presented below pertain to animals with a BALB͞cAnN;129 mixed genetic background. However, the identical diabetic phenotype has also been seen in Ncb5or Ϫ͞Ϫ C57BL͞6;129 and Ncb5or Ϫ͞Ϫ 129 animals. None of the knockout mice had any abnormalities either on gross or microscopic examination except for the pancreatic islet histopathology described below, food intake, and body fat. Compared with ϩ͞ϩ mice, Ncb5or Ϫ͞Ϫ mice have increased food intake and decreased mass of adipose tissue (see supporting information, which is published on the PNAS web site). A wide range of routine hematology and chemistry tests on Ncb5or Ϫ͞Ϫ mice uncovered no abnormalities except those pertaining to diabetes described below and hyperlipidemia (see supporting information). Thus, the Ncb5or Ϫ͞Ϫ animals have a rather pure diabetic͞fat phenotype. In contrast, Ncb5or ϩ͞Ϫ heterozygotes have normal blood sugar levels, glucose tolerance (Fig. 2c) , serum lipid profiles, and mass of white adipose tissue (data not shown).
Glucose Homeostasis in Ncb5or؊͞؊ Mice. Transition from prediabetic to diabetic phenotype. To evaluate the effect of Ncb5or knockout on glucose homeostasis, we examined blood glucose and serum insulin levels in wild-type (ϩ͞ϩ) and homozygous Ncb5or knockout (Ϫ͞Ϫ) littermates. All of the results shown are on male mice, unless stated otherwise. Female Ncb5or Ϫ͞Ϫ mice have a diabetic phenotype indistinguishable from that of males. At 4 weeks of age, in the fed state, Ncb5or Ϫ͞Ϫ mice had normal blood glucose levels (Fig. 2a) but insulin levels were 40% those of wild-type littermates (Fig. 2b) . These animals had impaired tolerance to an i.p. injection of glucose (Fig. 2c) , suggesting decreased insulin reserve, i.e., prediabetes. By 7 weeks of age, the blood glucose levels in Ncb5or Ϫ͞Ϫ mice were 3-fold higher than those in ϩ͞ϩ mice during the fed state or after an overnight fast (Fig. 2a) . The hyperglycemia in the Ncb5or Ϫ͞Ϫ animals was associated with a marked reduction in plasma insulin. In the fed state, insulin levels of 7-week-old Ncb5or Ϫ͞Ϫ animals were decreased to 25% of the levels in normal animals (Fig. 2b) . Insulin was barely detectable in the plasma of fasting Ncb5or Ϫ͞Ϫ animals (data not shown). These data indicate that, between 4 and 7 weeks of age, there was a progressive deterioration of glucose homeostasis in Ncb5or Ϫ͞Ϫ mice. Loss of pancreatic beta cells. The marked hyperglycemia in Ncb5or Ϫ͞Ϫ mice could be due to a combination of decreased insulin production or secretion, as suggested by low insulin levels (Fig.  2b) and insulin resistance, similar to human type 2 diabetes. However, these animals had nearly normal insulin tolerance with slightly enhanced sensitivity (Fig. 2d) ; therefore, the diabetes phenotype cannot be explained by insulin resistance. Thus, a defect in the pancreatic beta cell appears to be responsible for dysregulated glucose homeostasis in Ncb5or Ϫ͞Ϫ mice. To pursue this question, we assessed pancreatic islet histology and in situ immunohistochemistry on sections from Ncb5or ϩ͞ϩ and Ϫ͞Ϫ mice of 4, 7, and 21 weeks of age. In the older Ncb5or Ϫ͞Ϫ mice, hematoxylin and eosin-stained sections revealed a modest but significant reduction in the number of islets and a decrease in the cytoplasmic to nuclear ratio of islet cells. However, no infiltration of inflammatory cells was noted in any of the specimens, and no phagocytosis of necrotic beta cell fragments was observed. The latter phenotype has been commonly observed in monogenic obesity models producing beta cell-specific loss and islet atrophy, such as the C57BLKS-Lepr db (db͞db) mouse (20, 21) . As shown in Fig. 3A , immunostaining with antibodies against insulin and glucagon revealed cell distribution patterns in 4-week-old Ncb5or Ϫ͞Ϫ islets that were nearly indistinguishable from ϩ͞ϩ islets. At this age, a large mass of insulin-producing beta cells was surrounded by a thin peripheral layer of glucagon-producing alpha cells. Immunostaining with an antibody specific for proinsulin (a kind gift of Ole D. Madsen) revealed no difference between islets of Ncb5or Ϫ͞Ϫ and ϩ͞ϩ mice. At 7 weeks, Ncb5or Ϫ͞Ϫ mice exhibited a striking decrease in the number of positively stained beta cells. Viability of other non-beta islet endocrine cells was unaffected, with islet cores now containing primarily alpha cells. The loss of beta cells in Ncb5or Ϫ͞Ϫ mice progressed over time. At 21 weeks, only a very small number of stainable beta cells remained in pancreatic islets, and alpha cells were distributed throughout the islet. The localization of delta and PP cells was similar to that of alpha cells (data not shown). The beta cells that remained in the Ncb5or Ϫ͞Ϫ sections of all three age groups consistently displayed less intensity than the wild-type controls, suggesting decreased insulin content. The progression of beta cell loss over time coincided with development of overt diabetes in Ncb5or Ϫ͞Ϫ mice.
We found no evidence for enhanced apoptosis in Ncb5or Ϫ͞Ϫ islets. Terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) staining on islets of 2-and 4-weekold animals showed no significant difference between Ncb5or Ϫ͞Ϫ and ϩ͞ϩ mice (data not shown). There was also no evidence on either light or electron microscopy of enhanced apoptosis in Ncb5or Ϫ͞Ϫ islets. Moreover, lack of any difference in the expression of Ki-67 protein suggested that inactivation of Ncb5or had no significant effect on cell proliferation in islets (data not shown). The fact that we have been unable to document enhanced apoptosis may be due to small differences in the rate of cell death extended over a period of several weeks. In addition, apoptotic cells are quickly cleared by the immune system in vivo (22) . Fig. 3Ba illustrates the ultrastructural features of a typical islet from 7-week-old wild-type male mice. Well granulated beta cells were the predominant endocrine cell class. In contrast, islets from diabetic Ncb5or Ϫ͞Ϫ males were markedly depleted of beta cells, producing an increased volume density of the alpha, delta, and PP cell classes. The residual beta cells present in islets of Ncb5or Ϫ͞Ϫ mice were markedly degranulated (Fig. 3Bb) , with the insulin-containing ␤ granules mostly at the cell periphery (compare Fig. 3B a and b) . This combination of reduced granule content and granule margination was indicative of hypersecretory activity. An unusual feature of these surviving beta cells was an increase in both the number and size of mitochondrial profiles (Fig. 3Bb) . As shown in Fig. 3Bc , electrondense inclusions were detected in some of these beta cells. No pathologic changes were detected in the non-beta endocrine cells in the atrophic islets, or in the exocrine or ductal epithelial cells in pancreata of Ncb5or Ϫ͞Ϫ mice at any of the sampling points. Hence, the beta cells were selectively affected by the disruption of the Ncb5or gene.
Studies on Isolated Islets. The loss of beta cells explains the overt diabetes in Ncb5or Ϫ͞Ϫ mice beyond 7 weeks of age. However, it cannot account for the prediabetic glucose intolerance seen in 4-week-old Ncb5or Ϫ͞Ϫ mice. The deficiency in the acute response to external glucose challenge, together with the normal fed-and fasting-state blood glucose levels, indicates defective insulin release in response to glucose. To further address this issue, we assayed glucose-stimulated insulin secretion in vitro on size-matched isolated islets from 4-week-old Ncb5or ϩ͞ϩ and Ϫ͞Ϫ mice. The insulin secretion rate in Ncb5or Ϫ͞Ϫ islets was reduced by 62% and 87% with 5.5 mM glucose and 25 mM glucose inductions, respectively (Fig. 4a) . These results provide evidence for an early defect in glucose-stimulated insulin secretion from the pancreatic beta cell in Ncb5or Ϫ͞Ϫ mice, preceding beta cell loss and onset of clinical diabetes.
Arginine induces insulin release by the beta cell via direct triggering of K ϩ efflux and Ca 2ϩ influx, thereby bypassing the glucose-sensing mechanism. To determine whether the insulin secretion defect is caused by impaired glucose sensing, we analyzed the insulin release in response to L-arginine. With 20 mM L-arginine͞25 mM glucose stimulation, insulin release rate on Ncb5or Ϫ͞Ϫ islets dropped by 91% (Fig. 4a) , a level similar to that seen under glucose stimulation. Thus, the insulin secretory defect in the 4-week-old mice is unlikely to be in the glucose-sensing pathway.
Previous in situ immunostaining results on the 4-week-old Ncb5or Ϫ͞Ϫ pancreata suggested a decrease in total insulin content. Quantitative analysis of the total insulin contents showed a 40% decrease in 4-week-old Ncb5or Ϫ͞Ϫ islets compared to size-matched ϩ͞ϩ islets (Fig. 4b) . However, the suppression of insulin secretion in Ncb5or Ϫ͞Ϫ islets greatly exceeded the reduction in insulin content (Fig. 4) . This finding implies that, in these young Ncb5or Ϫ͞Ϫ mice, impaired insulin secretion, rather than decreased biosynthesis, is the earliest beta cell defect.
Sensitivity to STZ. As shown in Fig. 5 , 5-week-old Ncb5or Ϫ͞Ϫ mice are unusually sensitive to the diabetogenic agent STZ. Untreated Ncb5or Ϫ͞Ϫ animals had nearly normal fed blood glucose levels, whereas those treated with STZ had 70%, 168%, 175%, 191%, and 177% elevations over the 5 days after the final injection of the drug (Fig. 5a ). STZ administration also resulted in an increased impairment of glucose tolerance in Ncb5or Ϫ͞Ϫ mice (Fig. 5b) . In contrast, the same dose schedules of STZ had no effect on fed blood glucose levels or glucose tolerance in Ncb5or ϩ͞ϩ mice (Fig. 5) .
Discussion
Although Ncb5or is expressed in a broad range of animals and cells (17) , including pancreata and islet cells ( Fig. 1 c and d) , the phenotype of the knockout mouse indicates that the critical biological role of this reductase is maintenance of viability of pancreatic beta cells. It is likely that this enzyme impacts importantly on the redox status of these cells. Beta cells in rodents are particularly susceptible to oxidant stress, perhaps owing to their unusually low expression of antioxidant enzymes such as catalase, glutathione peroxidase, as well as Mn and Cu͞Zn superoxide dismutases (23) (24) (25) (26) . There is considerable, albeit indirect, evidence that, in type 1 diabetes, reactive oxygen species (ROS) cooperate with cytokines in the destruction of beta cells (27, 28) . ROS also appear to play an important pathogenetic role in the gradual impairment of beta cell function in type 2 diabetes. Hyperglycemia per se results in marked up-regulation of antioxidant enzymes heme oxygenase-1 and glutathione peroxidase along with modest inductions of Cu͞Zn and Mn superoxide dysmutases (29) . Despite this adaptation, prolonged exposure to elevated glucose levels causes not only impaired insulin responsiveness, but also beta cell loss, due to ROS (30) arising from mitochondria (31, 32) and nonenzymatic glycation (33) (34) (35) . This damage can be substantially prevented by the in vivo administration of antioxidants (36) (37) (38) .
The selective toxicity of the well known diabetogenic agent STZ is likely due to the unusual vulnerability of the beta cell to oxidant stress. STZ generates hydrogen peroxide and induces DNA oxidation and fragmentation (39) . STZ markedly affects intracellular redox status, lowering levels of reduced glutathione in pancreatic (40) and other (41) cells. The diabetogenic and redox effects of STZ can be reversed by the administration of the antioxidant nicotinamide (42) (43) (44) . Our finding that Ncb5or Ϫ͞Ϫ mice are particularly sensitive to STZ suggests that this flavoheme reductase plays an important role in protecting the pancreatic beta cell against oxidant stress.
An important clue to NCB5OR's biological function is its subcellular location. Both confocal microscopy and subcellular fractionation show that the protein is localized primarily in the endoplasmic reticulum (ER) (18) . Regulated production of insulin in the beta cell puts an unusually heavy burden on the ER. Thus, if the stress response pathway is impaired, beta cells become dysfunctional and prematurely undergo apoptosis. It is noteworthy that the phenotype of the Ncb5or Ϫ͞Ϫ mouse bears striking resemblance to that of two mouse models of ER stress in the beta cell, the Akita mouse (Ins2 C96Y) (16, 45) and the Perk knockout mouse (14, 15) . All three have normal pancreatic and beta cell development, but at age 4-6 weeks develop progressive loss of beta cell mass and insulin-deficient diabetes. In view of the localization of NCB5OR in the ER, we hypothesize that this enzyme plays an intrinsic and critical role in the ER stress response pathway.
The beta cell's enhanced vulnerability to ER stress is likely due in part to superoxide generated by the formation of insulin's three disulfide bonds (13, 46, 47) . It has been estimated that, in an average cell, Ϸ25% of its endogenous superoxide production arises from disulfide bond formation in the ER (46) . In beta cells, the ER contribution to superoxide generation is likely to be higher. Because NCB5OR is a reducing enzyme localized in the ER, it may function to protect the cell from excess buildup of ROS.
In the beta cells of Ncb5or Ϫ͞Ϫ mice, the mitochondria are hypertrophied and hyperplastic. It is likely that these mitochondrial abnormalities are a downstream response to ER stress. When the organelle's load of unfolded protein exceeds a critical threshold, a complex set of signaling pathways transduces responses into the mitochondria that trigger apoptosis. It is interesting that the phenotypes of three diabetic mouse models of ER dysfunction (Akita, Perk Ϫ͞Ϫ, and Ncb5or Ϫ͞Ϫ) bear a striking resemblance to those of diabetic mice with beta cell conditional knockout of two mitochondrial proteins, Tfam (48) and frataxin (49) . Within weeks after birth, all five of these mice develop glucose intolerance, hypoinsulinemia, and impaired glucose-induced insulin release from islets, followed by progressive loss of beta cells with a relative increase in alpha cells.
To understand the biological function of NCB5OR and its essential role in insulin production, it is necessary to identify its physiologic substrate(s) and product(s) and learn more about how this redox reaction impacts the unfolded protein pathway in the ER. Inquiry into NCB5OR's biological role should extend beyond the pancreatic beta cell. The widespread expression of this enzyme and its presence in lower organisms suggest that it may play a more general role in the ER stress response.
